Background. Color Doppler ultrasonography of intrarenal arterial resistance index (RI), performed early after kidney transplant, has proven to reliably predict short-term allograft function. The aim of this study was to assess whether it could also predict longterm renal function. Methods. We retrospectively analysed 76 kidney transplant patients who underwent RI assessment within 1 month after the transplant, subdivided into two groups according to RI values, lower (group A) or higher (group B) than its median value (0.635). Results. Compared with group A subjects, the patients of group B were older at the time of transplant (42 AE 9 vs 35 AE 8 years; P ¼ 0.001), the donor age was also older (41 AE 16 vs 33 AE 13 years; P ¼ 0.02) and had a slightly higher proteinuria (0.54 AE 0.5 vs 0.32 AE 0.2 g/24 h; P ¼ 0.02). Serum creatinine, ciclosporin or tacrolimus trough level, arterial blood pressure, number of human leukocyte antigen (HLA) mismatches, anti-hypertensive medications and incidence of delayed graft function were not significantly different between the two groups.
Introduction
Kidney transplant is the treatment of choice in end-stage renal disease patients, as it reduces morbidity and mortality rates and improves the quality of life [1] . Although, a number of factors are known to affect long-term graft survival, including recipient age, presence of diabetes, delayed graft function, number of HLA mismatches, period of warm and cold ischemia [2] [3] [4] , as well as acute rejection episodes and cytomegalovirus infection, none of them, alone or in combination, has been shown to have a predictive value for differentiating between patients with a good or poor chance of long-term graft survival.
Color Doppler ultrasonography (US) of the intrarenal arteries is one of the principal examinations performed in the clinical management of kidney transplant patients [5, 6] .
It has been demonstrated that the resistance index (RI) is a haemodynamic index, which is particularly affected by the vascular compliance of the recipient [7] , and that an increase of RI is observed in the presence of acute rejection and acute tubular necrosis [8] .
Previously, the assessment of RI, early after the transplant, has been shown to be a good predictor of short-term allograft function [9] .
The aim of the current study was to assess whether early determination of the RI could also help predict long-term renal function.
Patients and methods
We conducted a retrospective study on all patients of our centre who had received a kidney transplant from a cadaveric donor between 1994 and 2005.
Patients
Color Doppler US was performed by a single investigator in 117 consecutive kidney transplant patients. Forty-one patients were excluded because we were unable to perform the test within the first 4 weeks from the transplant (n ¼ 31), or because they had been transplanted for <6 months (n ¼ 4), or owing to the presence of interfering factors at the time of US examination that may have influenced the RI values. Such factors included clinical signs of acute rejection (n ¼ 1) or rapid deterioration of the renal function for other reasons (n ¼ 2), as well as a stenosis of the transplanted renal artery (by Doppler US; n ¼ 1) or evidence of obstruction of the urinary tract (by standard US; n ¼ 2).
Thus, a total of 76 patients (18 females, 58 males), aged 38 AE 9 years (range 21-58), followed-up for a period of 6-126 months (mean 49 AE 34) after kidney transplant, were included in the present analysis. All data were obtained from the patients' clinical records.
End-stage renal disease was due to chronic glomerulonephritis (30%), autosomal dominant polycystic kidney disease (4%), chronic pyelonephritis or nephrolithiasis (10%), diabetes (3%) or unknown causes (53%).
All patients were taking immune suppressive therapy consisting of a calcineurin inhibitor (ciclosporin A: n ¼ 62 or tacrolimus: n ¼ 14) and methylprednisolone; 66 patients were also taking a third immune suppressive drug: mycophenolate mofetil (n ¼ 44), azathioprine (n ¼ 21) or rapamycin (n ¼ 1).
Within the first 4 weeks after the transplant, all the selected patients underwent assessment of serum creatinine, daily proteinuria, ciclosporin or tacrolimus trough level, systolic arterial pressure, diastolic arterial pressure, pulse pressure, mean arterial pressure (diastolic pressure þ 1/3 pulse pressure), number of anti-hypertensive drugs taken, number of HLA mismatches, number of episodes of delayed graft function and color Doppler US with measurement of RI.
Biochemical assays
Serum creatinine concentration was determined using a kinetic enzymatic UV assay method. Urinary protein excretion, ciclosporin and tacrolimus trough level were measured by standard automated clinical chemistry analysers.
Creatinine and immune suppressive drug blood concentrations were assayed on blood samples taken on the day of the color Doppler examination, while proteinuria was determined on a sample from the urine collected during the 24 h preceding the ultrasonographic examination.
Doppler examination
In all the selected patients, Doppler US examination with measurement of RI was performed, at least 12 h after the last dose of calcineurin inhibitor. During the examination, patients were asked to refrain from forced inspiration, that could modify the endo-abdominal pressure. A heart rate <50 beats/min led to the deferral of Doppler examination. Indeed, no such case occurred in any of the patients studied.
Color Doppler examination was performed with a 3.5 MHz convex-array transducer (ATL Ultrasound) in supine position. In interlobar and segmental renal arteries, RI was calculated from the Doppler spectra using the system software, according to the following formula:
RI ¼ (peak systolic frequency shift À minimum diastolic frequency shift)/peak systolic frequency shift.
The average values of six different spectra sampling were calculated to yield the mean RI of the graft. All color Doppler examinations were performed by a single investigator, who was unaware of the patient's history or laboratory findings.
Statistical analysis
All data were analysed with Stat View 5 software (SAS Institute Inc. version 5.0). Data are expressed as mean AE SD.
After calculating the median RI value, the patient sample was subdivided into two groups: group A (RI < median) and group B (RI ! median).
Student's t-test for unpaired data, chi-square analysis, or Kaplan-Meier analysis with the log-rank test were used as appropriate to assess the differences between groups.
Univariate linear regression was used to assess the association between RI (dependent variable) and all the renal function parameters (independent variables). Multiple linear regression analysis was performed to avoid overestimation of potentially linked variables.
Cox proportional hazard analysis was used to calculate univariate hazard ratios as estimates of relative risks. A value of P < 0.05 was considered statistically significant.
The only endpoint of the study was a stable increase of creatinine >50% with respect to the value obtained at the end of the 1st month after the transplant. All patients who died with a functioning graft as well as patients lost to follow-up, were considered censored.
Results
Mean RI was 0.63 AE 0.07 (range 0.49-0.79), with a median RI value of 0.635. The clinical features of the patients, divided into two groups according to the median RI value: [group A (RI < 0.635): n ¼ 37; group B (RI ! 0.635): n ¼ 39], are shown in Table 1 .
Patients in group B were significantly older at the time of the transplant than those in group A (42 AE 9 vs 35 AE 8 years; P ¼ 0.001), the donor age was higher (41 AE 16 vs 33 AE 13 years; P ¼ 0.02), and they had more severe proteinuria (0.54 AE 0.5 vs 0.32 AE 0.2 g/24 h; P ¼ 0.02). All the other parameters examined were not significantly different between the two groups.
As shown in Figure 1 , univariate analysis demonstrated a statistically significant correlation between RI and recipient age (A), donor age (B) and proteinuria (C) (P ¼ 0.007, P ¼ 0.0007 and P ¼ 0.02, respectively). Multivariate analysis showed that only donor and recipient age maintained their independent predictive value ( Table 2) .
The endpoint (increase of serum creatinine >50%) was reached by 13 patients: four in group A (10%) and nine in group B (24%).
In group B, one patient died without reaching the endpoint due to cerebral haemorrhage and one patient was lost to follow-up.
The univariate relative risk of graft function deterioration among patients with higher RI was 3.77 (95% confidence interval, 1.15-12.4). Proteinuria and recipient age also increased the risk, as shown in Table 3 .
Kaplan-Meier analysis demonstrated a statistically significant difference in graft survival between the two groups: log-rank test ¼ 5.489; P ¼ 0.01 (Figure 2 ). Early assessment of renal resistance index after kidney transplant 3 of 5
Discussion
To our knowledge, the present study is the first attempt to estimate long-term renal graft function on the basis of the early determination of RI, performed within 4 weeks from the transplant. Our findings show that kidney transplant recipients with an RI >0.635 have a 3.77-fold increase in the relative risk of graft function deterioration (i.e. serum creatinine increase >50%). Then, RI levels turned out to significantly correlate with both donor and recipient age. Finally, KaplanMeier analysis confirmed that there was a significant difference in the incidence of graft function deterioration according to RI values, higher or lower than 0.635. Various risk factors, including age of the donor and recipient, reduced renal function at 1 year, proteinuria, arterial hypertension, number of HLA mismatches, have been proposed as predictors of long-term renal function in transplanted patients [10] . However, none of these, alone or in combination, has been demonstrated to be a more reliable predictor of survival of the transplanted kidney than an increase in RI [10] .
Color Doppler ultrasonography of the intrarenal arteries is a simple, non-invasive, repeatable method and is therefore one of the first-choice investigations in the clinical management of the kidney transplant patient. The determination of intrarenal RI makes it possible to estimate diastolic perfusion in relation to systolic perfusion: an increase in RI can be induced by any condition which provokes a reduction in diastolic renal perfusion as compared with systolic perfusion. Such conditions can occur, for instance, in acute renal failure or in the presence of an obstruction of the urinary tract with hydronephrosis, in which the increase in interstitial pressure and the consequent compression of the renal parenchyma causes a drop in renal perfusion during the diastole [8] . There is also a marked rise in RI in nephroangiosclerosis due to hypertension or diabetes mellitus. Moreover, intrarenal RI can be affected by some extrarenal factors. Increased abdominal pressure during forced inspiration can modify the index value [11] , as well as a heart rate of <50 beats/min [12] , or age, especially in hypertensive patients [13] .
In this study, we attempted to exclude all extrarenal modifications of RI. In addition, all patients affected by potentially interfering kidney graft modifications, such as acute rejection or obstruction of the urinary tract, were excluded from the study.
Previous studies have already explored the predictive value of RI determination in renal grafts. Kahraman et al. [9] showed that RI, assessed within one week of the transplant, could forecast 1-month and 1-year graft function in 45 renal transplant recipients. Radermacher et al. [10] measured RI in a very large cohort of renal transplanted patient's and showed that RI was a good predictor of both allograft failure and patient's death despite a functioning graft. Specifically, the authors reported a better long-term graft survival in patients with RI <0.80 [10] . At variance from the present study, however, Doppler US examination was not performed soon after the transplant, but at least 3 months after engraftment (mean 40 months) [10] . Then, we confirmed the close correlation between RI and the recipient age [7, 8] . Unlike the findings of previous studies, however, in our patient population there was also a statistically significant correlation between RI and donor age, at both univariate and multivariate analysis. The latter observation may be accounted for by the presence of age-related angiosclerotic modifications of the intrarenal arteries of the donor kidney, thereby reducing vascular compliance. Such phenomena would reduce the diastolic perfusion of the transplanted kidney, thus increasing intrarenal resistances. The latter hypothesis might be indirectly confirmed by the finding of a significantly higher proteinuria in patients of group B, since proteinuria is a known marker of nephroangiosclerosis, as well as by the correlation between RI and proteinuria observed at univariate analysis.
Normal RI values for kidney graft have long been established, but without any critical assessment of the factors affecting these values having been made [7, [14] [15] [16] . Krumme et al. [7] demonstrated that in kidney transplant patients there is a strong correlation between intrarenal RI and age of the recipient, and concluded that the main factor influencing RI is the vascular compliance of the recipient, which is, in turn, affected by age-dependent atherosclerosis phenomena. Similar results were reported by Heine et al. [8] . Recently, in a population of 33 patients who underwent renal biopsy, Ikee et al. [17] demonstrated that RI correlated both with patient's age and with histologically proven arteriolosclerosis of the intrarenal vessels. Altogether, the above studies would demonstrate that intrarenal RI measurement early after engraftment reflects both donor-related compliance of the intrarenal vessels as well as the compliance of the recipient's arterial tree, from the heart (site of origin of the sphygmic wave) up to the iliac arteries.
Finally, previous research found a correlation between RI and arterial pulse pressure, which apparently confirmed the dependence of RI from age-related vascular compliance of the recipient [7] . We were unable to confirm this correlation, possibly due to the high dosage of anti-hypertensive drugs taken by most of the patients in our cohort.
In conclusion, our findings suggest that early RI determination can represent a useful and feasible predictor of long-term graft function. We are aware that only future multicentre trials conducted in larger patients samples and in which RI is determined by several different operators, can definitively prove the predictive power of early RI determination as a marker of long-term renal function.
